In 20 "stack" fires (direct emission within ~5 seconds of production by the fire) that 25 burned various biomass materials, δ 15 N-NO x ranges from -4.3 ‰ to +7.0 ‰, falling near 26 the middle of the range reported in previous work. impacts on air quality and climate from regional to global scales (Crutzen and Andreae, 53 1990) . Globally, biomass burning emits ~6 Tg of nitrogen oxides (NO x = NO + NO 2 ) per 54 year, contributing at least 14% to total NO x emissions (Jaeglé et al., 2005) , with large 55 interannual and seasonal variation due to fire frequency and intensity (Jaffe and Briggs, 56 2012) . Primarily emitted NO x plays an important role in the photo-oxidation of volatile 57 and semi volatile organic compounds, which are present in high concentrations in BB 58 plumes, and strongly influences production of tropospheric ozone (O 3 ) and secondary 59 aerosols (Alvarado et al., 2015) . In BB plumes, NO x can be converted to PAN, which can 60 be transported long distances (100s to 1000s of km) in lofted plumes before rereleasing 61 NO x . Therefore, BB emitted NO x could widely influence air quality downwind for days 62 to weeks (Val Martín et al., 2006; Ye et al., 2016) . In addition, NO x is also the major 63 photochemical precursor of HNO 3 and NO 3 -(p), which can be transported downwind and 64 mixed with anthropogenic emissions impacting air quality and ecosystem health 65 (Hastings et al., 2013) . 66 HONO has been observed in BB plumes in both laboratory and field experiments, with 67 HONO mixing ratios in the range of ~5-33% of observed NO x (Akagi et al., 2012 (Akagi et al., , 2013 68 Burling et al., 2010 68 Burling et al., , 2011 Keene et al., 2006; Liu et al., 2016; Roberts et al., 2010; 69 Selimovic et al., 2018; Yokelson et al., 2007 Yokelson et al., , 2009 . Photolysis of HONO is a major OH 70 precursor in the daytime; therefore HONO plays an important role in photochemical 71 aging of BB plumes and atmospheric oxidation capacity at regional scales (Alvarado and 72 Prinn, 2009; Liu et al., 2016; Tkacik et al., 2017; Trentmann et al., 2005) . HONO has 73 been proposed as a significant OH source in BB plumes and the inclusion of HONO in 74 photochemical models could explain much of the uncertainty in the modeled O 3 75 Cook et al., 2007; Travis et al., 2016; 76 Trentmann et al., 2005) . 77
Direct BB emission factor measurements of HONO and NO x exhibit significant 78 uncertainties due to limited observations and large spatial and temporal variability of 79 burning conditions, making it challenging to build an accurate inventory of BB emissions 80 relative to other major sources (Lapina et al., 2008) . Emission factors vary and mainly 81 depend on 1) fuel nitrogen content (0.2 -4% by mass), which is a function of vegetation 82 type, and 2) modified combustion efficiency (MCE = Δ[CO 2 ]/(Δ[ DCO] + Δ[CO 2 ]) that is 83 determined by combustion conditions including fuel moisture, fuel load, temperature, 84 relative humidity, wind speed, and other meteorological parameters 85 Jaffe and Briggs, 2012; Yokelson et al., 1996) . Additionally, the temporal evolution of 86 HONO in BB plumes varies greatly in different fires and relative contributions from 87 direct emission versus NO 2 conversion to HONO remains unclear. For instance, 88 significant concentrations of HONO and correlation between HONO and NO 2 have been 89 observed in aged plumes, indicating the importance of heterogeneous conversion of NO 2 -90 to-HONO on BB aerosols (Nie et al., 2015) . By contrast, no evidence was found for 91 4 secondary HONO formation in a BB plume during the Southeast Nexus Experiment 92 , vehicles (Miller et al., 2017) , and 109 agricultural soils (Miller et al., 2018) . Using this method, Fibiger et al. (2016) 110 systematically investigated BB δ 15 N-NO x from different types of biomass from around 111 the world in a controlled environment during the fourth Fire Lab at Missoula Experiment 112 (FLAME-4). NO x emissions collected both immediately from the BB source and 1-2 113 hours after the burn in a closed environment ranged from -7 to +12‰, and primarily 114 depended on the δ 15 N of the biomass itself. BB emitted HONO isotopic composition has 115 never been measured before. Our recently developed method for HONO isotopic 116 composition analysis The room for controlled BB experiments is 12.5 × 12.5 m × 22 m, with a continuously 141 weighed fuel bed at the center of the room. The combustion exhaust was vented at a 142 constant flow rate (~3.3 m s -1 ) through a 3.6 m diameter inverted funnel followed by a 143 1.6 m diameter stack, and collected at a platform 17 m above the fuel bed via sampling 144 ports that surround the stack, resulting in a transport time of ~5 s. Further details have 145 been described in the literature (Stockwell et al., 2014 HONO was completely collected for isotopic analysis using an annular denuder system 164 (ADS) . The two-denuder set up allows 176 us to minimize the interference for both concentration and isotopic analysis from other N-177 containing species that could be trapped and form nitrite in residual amounts on the 178 denuders, especially NO 2 . Our method development study showed NO 2 tends to absorb in 179 the same amount (difference <4%) on the walls of each denuder in a train setup, which is 180 consistent with other studies (Perrino et al., 1990; Zhou et al., 2018) . On the basis of this 181 validation, the second denuder extract is used to correct the first denuder extract for both 182 concentration and isotopic composition . Note HONO levels 183 6 were above the minimum detection limit (0.07 uM) and the breakthrough amount of 184 HONO threshold is far from being reached given the concentrations ( (Fibiger et al., 2014; Fibiger and 190 Hastings, 2016; Wojtal et al., 2016 (Reed et al., 2016) . In this study, only the HONO 236 interference was corrected using our ADS measured HONO concentration; contributions 237 from HNO 3 , PAN and gaseous organic nitrate are not of major concern because no photo-238 oxidation is involved in indoor fires Selimovic et al., 2018; Stockwell 239 et al., 2014) . In addition, we do not expect that other reactive nitrogen species such as 240 NH 3 and hydrogen cyanide (HCN) interfere with NO 2 measurement. A particulate matter 241 filter (Millipore, 1µm PTFE) was always placed before the inlet of the NO x analyzer. The 242 NO channel was calibrated before and after the entire Fire Lab experiments with standard 243 NO (10 ppmv in N 2 ) diluted with zero air (Thermo Fisher Scientific, Model 111) via a 244 gas dilution calibrator (Thermo Fisher Scientific, Model 146i) and NO 2 response of the 245 NO x channel using O 3 titration is within ±5% accuracy. The NO x measurement verified 246 the concentration of the NO x collected for isotopic analysis, and the original NO x data is 247 available in the NOAA FIREX archive (FIREX, 2016) . 248 HONO and HNO 3 concentrations were measured using the University of New 249
Hampshire's dual mist chamber/ion chromatograph system (Scheuer et al., 2003) with the 250 sampling inlet placed right next to that of the ADS. The dual channel IC system is custom 251 built using primarily Dionex analytical components. Briefly, automated syringe pumps 252 are used to move samples and standard solutions in a closed system, which minimizes 253 potential contamination. A concentrator column and 5 ml injections were used to improve 254 sensitivity. Eluents are purged and maintained under a pressurized helium atmosphere.
255
Background signal is minimized using electronic suppression (Dionex-ASRS). The 256 chromatography columns and detectors are maintained at 40 °C to minimize baseline 257 drifting. A tri-fluoro-acetate tracer spike into the ultra-clean sampling water is used as an 258 internal tracer of sample solution volume, which can decrease due to evaporation in the 259 exhaust flow by 10-20% depending on the ambient conditions and length of the sample 260 integration interval. In this work, each sample integrated 5 minutes of collection. The 261 spike was analyzed to correct the final mist chamber sampled solution volume with an 262 uncertainty of ±3%. This system has been deployed to various field studies for HONO 263 measurement (Dibb et al., 2002; Stutz et al., 2010) and showed reasonable 264 intercomparison with other HONO measurement techniques (within 16% uncertainty) 265 during the 2009 SHARP campaign in Houston (Pinto et al., 2014) . The detection limits 266 for HNO 3 and HONO are 10 ppt for 5-minute sample integrations. During the 267 experiments, two mist chambers were operated to collect gas samples in parallel, each 268
with an integration interval of 5 min. One channel of the IC was utilized for concentration 269 measurement; in the other, the mist chamber's solution was transferred into a sample 270 bottle using the syringe pump, and the collected solution was brought to Brown 271
University for isotopic analysis of HNO 3 if sufficient amount (10-20 nmol) was collected 272 for each sample. 273 274
In addition to MC/IC, the HONO mixing ratios were also measured using high time-275 8 resolution (~1 second) measurement techniques including open-path Fourier transform 276 infrared spectroscopy (OP-FTIR) , cavity enhanced spectrometer 277 (CES) Zarzana et al., 2018) , and proton-transfer-reaction time-of-flight 278 mass spectrometer (PTR-ToF). Inlet ports of CES and PTR-ToF were placed 5' apart 279
from, but at the same height on the platform as those for ADS and MC/IC, while the OP-280
FTIR had an open path cell at the stack. The smoke has been shown to be well-mixed at 281 the sampling platform (Christian et al., 2004) and the mean HONO mixing ratios across 282 each fire obtained from the four techniques were compared with that retrieved from ADS 283 collection. This offers comprehensive verification of complete capture of HONO by ADS 284 that is extremely important for conserving the isotopic composition of HONO. 285
The details of OP-FTIR are described in previous works 286 Stockwell et al., 2014 . Mixing ratios of HONO were retrieved via multicomponent 297 fitting to a section of the mid-IR transmission spectra with a synthetic calibration 298 nonlinear least-squares method (Griffith, 1996; Yokelson et al., 2007) , and both the 299 HITRAN spectral database and reference spectra recorded at the Pacific Northwest 300 National Laboratory (Rothman et al., 2009; Sharpe et al., 2004; Johnson et al., , 301 2013 were used for the fitting. The uncertainty is ~10% for the HONO mixing ratio 302 measurement and the detection limit is no more than a few ppb as reported in previous 303 studies (Stockwell et al., 2014; Veres et al., 2010) . 304
Nitrous acid measurements by cavity enhanced spectroscopy used the airborne cavity 305 enhanced spectrometer, ACES, recently described by Min et al. (2016) . This instrument 306 consists of two channels, one measuring over the spectral range from 438-468 nm where 307 glyoxal (CHOCHO) and NO 2 have structured absorption bands, and one measuring over 308 from 361-389 nm, where HONO has structured absorption. In the HONO channel, light 309 from an LED centered at 368 nm and with an output power of 450 mW and collimated 310
with an off-axis parabolic collector illuminates the input mirror of a 48 cm optical cavity 311
formed from mirrors with a maximum reflectivity R = 99.98% at 375 nm. The effective 312 path length within the optical cavity is > 3 km over the region of greatest reflectivity. The 313 mirror reflectivity (effective path length) was calibrated from the difference in Rayleigh 314 scattering between He and zero air to provide an absolute calibration of the instrument 315 response. A fiber optic bundle collects light exiting the optical cavity and transmits it to 316 a grating spectrometer with a CCD detector, where it is spectrally dispersed at a 317 resolution of 0.8 nm. The resulting spectra are fit using DOASIS software (Kraus, 2006) measurements from a PTR-ToF (r 2 = 0.95) . 329
The PTR-ToF instrument used in the FIREX Fire Lab experiment is described in detail in 330 previous studies Yuan et al., 2016 Rather, it is largely produced secondarily in aged smoke and nighttime chemistry. Both 381 HONO and HNO 3 mixing ratios reach their peak in the first five minutes, except for fire 382 no. 12 (Engelmann spruce -duff), from which HONO concentration remains nearly 383 constant over the course of each fire, but much lower than HONO concentration of the 384 rest of the fires. The largest HONO and HNO 3 were emitted from burning subalpine fir-385
Fish Lake canopy (fire no. 15), integrated concentration of up to 177 ppbv and 1.9 ppbv 386 in the first 5-minute sample, respectively. We note that fires no. 12 has the smallest MCE 387 value 0.868 (FIREX, 2016) . In general, the closer the MCE value is to 1, the more likely 388 N-oxidation (e.g. NO x and HONO) dominates over N-reduction (e.g. NH 3 and HCN) as a 389 result of flaming; when MCE approaches 0.8, more smoldering occurs such that N-390 reduction becomes dominant (Ferek et al., 1998; Goode et al., 1999; McMeeking et al., 391 2009; Yokelson et al., 1996 Yokelson et al., , 2008 . Accordingly, the smoldering combustion condition of 392 fire no. 12 leads to lower concentration of oxidized nitrogen species than the rest of the 393 fires in this study. In addition, HONO/NO x ratio ranged from 0.13 to 0.53 with a mean of 394 0.29±0.12, comparable with previous results of laboratory experiments (0.11±0.04) and 395 field experiments (0.23±0.09) (Akagi et al., 2013; Burling et al., 2010 Burling et al., , 2011 ) 396 397
Verification of ADS collected HONO concentration 398
The HONO collected with the ADS represents a mean value over the course of each 399 entire burn. We first compare HONO concentration recovered from the ADS, denoted as 400
[HONO] ADS , with that measured with the collocated MC/IC when both measurements 401 were available (Fig. 2) Figure S1 ). In Fig. 4 . The FLAME-4 study investigated NO x 454 emissions from burning a relatively large range of vegetation biomass from all over the 455 world, and found a linear relationship (Eq. (5)), indicating that 83% of the variation of 456 δ 15 N-NO x is explained by δ 15 N-biomass. The biomass types burned in this work focused 457 on vegetation in the western U.S., and differ greatly from that in FLAME-4, with 458
Ponderosa pine being the only common biomass between the two studies. Specifically, 459 the δ 15 N-biomass range (-4.2‰ -+0.9‰) for this work is much narrower than that of the 460 FLAME-4 experiment (-8‰ -+8‰ this work with those from the FLAME-4 study results in a 488 significant linear correlation (Eq. (6)) and is shown in Fig. 5 . Despite differences in 489 burned biomass types between the two studies, our δ 15 N-NO x reasonably overlap with the 490 FLAME-4 results within our δ 15 N-biomass range. The relationship between δ 15 N-NO x 491 and δ 15 N-biomass (Eq. (6)) for the combined data highly reproduces that obtained solely 492 from FLAME-4 study (Eq. (5) The mean values weighted by concentration plotted in Fig. 4 range obtained in the current study (Fig. 6 ). This provides potential insights into HONO-503 NO x interactions and HONO formation pathways in fresh emissions from biomass 504 burning. Although a number of studies on wildfire biomass burning have suggested that 505 partitioning of N emissions between NO x and NH 3 depends on combustion conditions 506 represented by MCE (Ferek et al., 1998; Goode et al., 1999; McMeeking et al., 2009; 507 Yokelson et al., 1996 507 Yokelson et al., , 2008 , HONO formation pathways remain unclear (Alvarado et al., 508 2009 (Alvarado et al., 508 , 2015 Nie et al., 2015) . 509 δ 15 N-HONO = 1.01 δ 15 N-NO x -1.52 (R 2 = 0.89, p<0.001) Eq. (7) 510 Previous mechanistic studies on combustion of biomass/biofuel model compounds in a 511 well controlled closed system have investigated detailed nitrogen chemistry in the gas 512 phase, suggesting NO x and HONO are formed from chain reactions involving oxidation 513 of precursors NH 3 and HCN, which are produced via devolatilization and pyrolysis of 514 amines and proteins in biomass/biofuel (Houshfar et al., 2012; Lucassen et al., 2011) .
515
When the combustion conditions favor the oxidation of NH 3 and HCN, NO is first 516 formed and the chain reactions control the cycling of reactive nitrogen species (NO, NO 2 517 and HONO). Detailed and mechanistic nitrogen chemistry for the chemical relationship 518
between NO x and HONO in the combustion environment have been discussed in earlier 519 works (Chai and Goldsmith, 2017; Shrestha et al., 2018; Skreiberg et al., 2004) . In 520 addition, Houshfar et al. (2012) performed biomass combustion kinetic modeling with 521 reduced mechanism via sensitivity analysis. From these works, we extract major 522 pathways (R1-R11) that are likely responsible for fast gas-phase inter-conversion 523
between NO x and HONO within the combustion system. They found whether HONO is 524 converted from NO or NO 2 in series during nitrogen transformation (referred to as 525 nitrogen flow) critically depends on temperature. Specifically, within 1 second of 526 residence time, at moderate temperatures (e.g. 700 °C), dominant nitrogen flow following 527 NO formation in biomass combustion is NOàNO 2 àHONOàNO, and major reactions 528
involving NO x -HONO conversion are listed in R1-R6; at high temperatures (e.g. 850 °C 529 and above), the nitrogen flow cycle NOàHONOàNO 2 àNO becomes dominant, and 530 major reactions involving NO Although our studied fuels are more complicated in composition than a model system 543 involving no more than a few starting species, results from the above studies provide 544 fundamental underpinnings for biomass combustion. Also note that heterogeneous 545 chemistry after these species were emitted was not considered here as the residence time 546
of the fresh plume in our study was ~5 seconds, which is of the same magnitude as that 547 predicted in the nitrogen flow analysis (Houshfar et al., 2012) . Kinetic isotope effects 548 (KIE) of these reactions have not been characterized; so only a semi-quantitative 549 prediction is presented here. At low temperatures, R1-R5 are all H-abstraction reactions 550 involving loose transition states that have significant activation energy; a primary KIE is 551 expected for such conditions and leads to 15 N depletion in the product (HONO) (Chai et 552 al., 2014; Matsson and Westaway, 1999 , and references therein). Additionally, R6 is a 553 unimolecular dissociation reaction with no reaction barrier, and hence R6 could be 554 expected to have a small kinetic isotope effect enriching 15 N in HONO, somewhat 555 offsetting the depletion that arose from R1-R5. Consequently, the overall isotope effect of 556 R1-R6 would lead to δ 15 N-HONO < δ 15 N-NO x by a small difference, consistent with our 557 results (Fig. 4) . On the other hand, the KIE for the reactions R7-R11 at higher 558 temperatures (> 850 °C) is expected to enrich 15 N in HONO relative to NO x (Chai and 559 Dibble, 2014) , leading to an opposite isotope effect to that predicted at lower 560 temperatures. 561
Temperatures of the biomass combustion process span a large range involving different 562 processes including preheating, drying, distillation, pyrolysis, gasification (aka "glowing 563 combustion") and oxidation in turbulent diffusion flames at a range of temperatures 564 associated with changing flame dynamics (Yokelson et al., 1996) . Despite this 565 complexity, our measured slight 15 N enrichment in NO x compared to HONO ( In the FLAME-4 experiments , only one particulate filter had 584 captured NO 3 -(p) above the concentration detection limit, whereas HNO 3 collected on 585
Nylasorb filters from 7 experiments were above the concentration detection limit and 586 therefore only δ 15 N-HNO 3 (-0.3 -11.2‰) were reported. The contrast with our filter 587 results are likely attributed to different formation mechanisms under different conditions, 588 in addition to variation of fuel types. Of the 7 detectable HNO 3 collections from FLAME-589 4, 5 represented room burns for which samples were collected from smoke aged for 1-2 590 hours in the lab, and the sampled HNO 3 was likely a secondary product. Table 1 ).
HNO 3 , HONO concentration (via MC/IC):
Measurements during 25 separate fires is complete. The data has been quality controlled and the data has been posted to the FIREX Fire Lab experiment database. An example of the dataset is shown in the figure below. For many of the fires, HONO concentration was shown to increase rapidly in the beginning of the burn, followed by a sharp decrease. HNO 3 concentrations were two orders of magnitude lower than typical HONO concentrations, and peaked at similar times or just after the peak of HONO concentration. The production of HNO 3 in these laboratory burns, with no real photochemistry, is surprising and we will be exploring this further in the coming months along with ancillary data collected during the burns by Bob Yokelson (U. Montana) and Jim Roberts (NOAA/ESRL). 
This figure is examples of MC

